Background. Identification of statistically reliable outcomes for comparison among anaesthetists is challenging. Timeweighted intraoperative mean arterial pressure <65 mm Hg (AUC 65 ) is associated with increased odds for myocardial damage. We explored retrospectively whether such hypotension before incision was statistically reliable for peer comparison. Methods. We retrieved electronic data between 2006 and 2015 at a tertiary care, academic hospital in the USA for patients at risk for myocardial damage (inpatient after surgery, ASA physical status !III, !50 yr of age, and case duration !60 min). We determined the percentage of anaesthetists comparable based on caseload and case-mix. The AUC 65 was compared amongst anaesthetists supervising !100 cases involving at-risk patients during the last 12 months. Results. Only 14.1% [95% confidence interval (CI) 13.6-14.5%] of cases involved patients who were 'at risk' during the 10 yr study period. A yearly average of 49 (SD 6) anaesthetists supervised !100 cases of any type, of whom only 52% (95% CI 47.1-56.0%) supervised !100 cases involving at-risk patients. Thus, nearly half the anaesthetists would have been excluded from peer comparison. During the last 12 months, there were two outliers among 34 evaluable anaesthetists (P<0.05, controlling for false discovery). However, their contribution to total hypotension amongst cases for all patients was small, because hypotension was widely distributed (e.g. 80% of hypotension attributable to 61.8% of anaesthetists, 95% CI 59.8-63.7%). There was no relationship between the AUC 65 and propofol induction dose. Conclusions. The AUC 65 of time-weighted pre-incision hypotension is not a suitable metric for comparing anaesthetists. There were few at-risk patients, half the anaesthetists were not evaluable because of their case-mix and caseload, and hypotension was widely distributed.
monitoring period, inaccurate clinical coding of care and events limiting the applicability of retrospective analysis, and confounding effects from other medical professionals also caring for the patient (i.e. ambiguity as to who is 'responsible' for the adverse event). 8 9 Even for the relatively 'pure' anaesthesia metric of the pain score on arrival in the recovery room, anaesthetists cannot be compared in a valid manner. 10 As the results of peer comparison can be high-stakes (e.g. can cause personal or institutional embarrassment or have financial consequences), such comparisons should be done reliably and using valid metrics; otherwise, there is a high risk of false discovery of 'outliers' that represent only expected statistical variation. 8 11 Furthermore, attributing outcomes to an individual physician is not straightforward, as the entire medical team and institutional structures also contribute. Even a modest decrease of intraoperative blood pressure of relatively brief duration is associated with increased odds for myocardial damage and 30 day mortality. [12] [13] [14] Thus, the degree of intraoperative hypotension is a potentially valid metric for peer comparison of anaesthetists. As the quantitative amount of hypotension is a continuous ('process') variable rather than the incidence of a rare event, it might also be reliable statistically.
Salmasi and colleagues 15 recently demonstrated that the associations between hypotension and myocardial injury were comparable whether using the relative reduction from the baseline mean arterial pressure (MAP) or an absolute mean MAP threshold. The same associations held for acute kidney injury. 15 These results simplify the process of data collection, because determining an accurate baseline blood pressure (i.e. from outpatient records measured at several dates) is challenging from an informatics perspective. Given the increasing penetrance of anaesthesia information management systems (AIMS), [16] [17] [18] [19] automated quantitative determination of intraoperative hypotension and reporting by e-mail after the case is completed would be practicable at many hospitals. 20 The practice model at typical US hospitals involves supervising anaesthetists directing the care provided by one or two anaesthesia trainees or two to three nurse anaesthetists in different operating theatres. The supervising anaesthetists are ultimately responsible for the care delivered. The supervising anaesthetist is always present for induction of general anaesthesia or the performance of spinal or epidural anaesthesia. Therefore, intraoperative hypotension before incision might be a suitable metric for peer comparison among supervising anaesthetists. The US requirements for ongoing professional practice evaluation (i.e. peer review) from The Joint Commission specify that assessments must be made at least twice a year. 21 Such comparisons would also be applicable in practice models where anaesthetists mostly perform their own cases, rather than supervise other anaesthesia providers. The objective of this study was to determine whether a peer comparison programme quantifying hypotension before incision could have sufficient statistical reliability to be useful to detect differences even under deliberately idealized mathematical conditions. Our secondary objective was to determine whether there were any relationships between the average doses of propofol or treatment with phenylephrine or ephedrine during induction by the supervising anaesthetists and their average amount of hypotension. Our secondary objective was investigated because if e-mail feedback were to be provided to anaesthetists, our goal would be to provide guidance for quality improvement. 20 
Methods
The Institutional Review Board at Thomas Jefferson University determined on December 21, 2016 
Data extraction
For all cases performed from January 1, 2006 to October 31, 2016 we retrieved the following information: (i) a de-identified code for the supervising anaesthetist who was present at the start of the case. (ii) the patient's American Society of Anesthesiologists (ASA) physical status (ASA PS); (iii) the patient's age (in years); (iv) the duration of surgery from incision to surgery end; and (v) postoperative status as inpatient or discharged to home. In addition, for all cases performed between November 1, 2015 and October 31, 2016 we retrieved the following data from the 'preincision interval' between entering the operating theatre and surgical incision: (vi) the MAPs and diastolic pressures with time stamps from automated oscillometric devices or from indwelling arterial catheters, if present; and (vii) total doses of propofol, phenylephrine, and ephedrine.
Eligible patients
We identified patients at increased risk for postoperative myocardial injury based on the study by Salsami and colleagues. 15 In that study, all patients had inpatient postoperative care. Among the patients suffering myocardial injury, 89% had an ASA PS of !III, average age was 67 (SD 17) yr, and average surgical time was 5.1 h. 15 Thus, we included cases for peer comparison if the patient received care as an inpatient after surgery, had ASA PS of !III, was !50 yr of age, and the cases lasted >60 min. We excluded patients not meeting these inclusion criteria from peer comparisons because there was inadequate evidence to show that the omitted population was at risk for myocardial injury at the levels of hypotension found in the previous study. 15 Supporting our decision to exclude relatively low-risk patients from comparison among anaesthetists, it was previously shown that there was no reduction in 90 day mortality when all patients were randomized to have their anaesthesia provider receive an electronic alert when the MAP was <75 mm Hg and bispectral index (BIS) was <45 (double low).
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Editor's key points
• Identification of statistically reliable patient outcomes suitable for comparison of individual anaesthetists' performance is challenging.
• Time-weighted arterial hypotension from induction of anaesthesia to surgical incision was retrospectively evaluated at a single US tertiary care hospital.
• In patients deemed high risk for myocardial damage, time-weighted pre-incision hypotension was not a suitable metric for comparing anaesthetists' performance.
Intraoperative study interval
We studied the interval from operating theatre entry to time of incision to avoid having to risk adjust for confounding effects on hypotension related to surgery (e.g. blood loss, peritoneal insufflation, extreme positioning, and intervals of limited stimulation). For peer comparison, we considered this a reasonable approach, as the supervising anaesthetist was always present for induction or the placement of spinal or epidural anaesthetics, participated in drug administration, and was responsible for care of the patient.
Data cleaning and calculation of time-weighted area under the curve for hypotension
Mean arterial pressure values measured invasively using an indwelling arterial line were excluded as artifacts under one or more of the following conditions: (i) a null value was recorded because the monitor could not calculate MAP; (ii) a pulsatile waveform was absent, evidenced by lack of a recorded diastolic pressure; or (iii) MAP was >250 mm Hg because the stopcock was open to the pressure bag. When both invasively and noninvasively determined blood pressures were recorded concurrently, the non-invasive pressures were omitted in favour of the directly measured values.
Based on the findings of Salsami and colleagues 15 that MAP <65 mm Hg was associated in a time-weighted manner with patient harm, we selected 65 mm Hg as the threshold for comparison of hypotension for a population of patients comparable to those they studied (see above). Although other authors have identified harmful hypotension thresholds of 60 mm Hg in patients undergoing vascular surgery, 14 and 55 mm Hg in patients undergoing non-urological non-cardiac surgery in whom preoperative and postoperative creatinine was measured, 12 it would not be evidence based to apply these thresholds to a broader patient population. Restricting eligible patients to those matching the other studies 12 14 would have greatly reduced the number of anaesthetists who could have been compared.
The MAP values were recorded at $1 min intervals for invasively measured pressures and at 2.5-5 min intervals from the oscillometric devices. The time-weighted area under the curve below a threshold MAP of 65 mm Hg (AUC 65 ) was determined during the pre-incision interval by numerical integration, using the trapezoidal rule, 22 with linear interpolation of the MAP between the observed measurement times, as described. 15 23 For example, consider the following MAP measured non-invasively: 70 mm Hg at 09.00 h, 60 mm Hg at 09.05 h, 60 mm Hg at 09.10 h, and 70 mm Hg at 09.15 h. The time-weighted AUC for this 15 min interval, using a threshold value of 65 mm Hg, is: (65À60 mm Hg)Â2.5minþ(65À60 mm Hg)Â5.0 minþ(65À60 mm Hg)Â2.5 min¼50 mm Hg min.
Evaluable anaesthetists
We compared anaesthetists who supervised at least 100 eligible cases during the most recent 12 months of the data set. This threshold was chosen because 100 cases was the minimal number needed to control, even potentially, for false discovery when comparing multiple providers using appropriate hierarchical logistic regression models. 8 24 Not controlling for false discovery can lead to identification of apparent outliers whose performance represents expected statistical variability. We also required that evaluable anaesthetists had performed at least six eligible cases in each of the 2 month intervals during the last 12 months of the data set. This was done to exclude anaesthetists not present during the entire study period.
Identifying outliers for hypotension among anaesthetists
To identify anaesthetists with a greater or lesser than average amount of hypotension during the pre-incision interval, we created mean X-bar control charts. We determined the mean AUC 65 for each evaluable anaesthetist during each of the six 2 month intervals for the most recent 12 months of the data set. Creation of these batches and using the means of each is inherent to control chart ('batch means') methods to mitigate against multiple unmeasured correlations amongst patients with hypotension (e.g. because of surgical case scheduling). [25] [26] [27] [28] [29] [30] Note that 12 months was a deliberately longer period than could be used for quality reporting, and thus, conservative with respect to comparing anaesthetists. We used Student's t-distribution to compute the 99% two-sided confidence interval (CI) for each anaesthetist's mean using the n¼6 batches (Excel; Microsoft, Redmond, WA, USA). 25-27 31 32 The upper and lower confidence limits were compared with the pooled AUC 65 for all eligible cases amongst all anaesthetists (i.e. regardless of their case volume).
Anaesthetists whose 99% CI for the AUC 65 did not include the pooled mean AUC 65 were considered outliers. The corresponding risk of false discovery for evaluable anaesthetists was calculated using the Benjamini-Hochberg procedure. If most hypotension were attributable to a small number of anaesthetists, intervention targeted to outlier anaesthetists (e.g. by personalized e-mail feedback) would be more appropriate than an intervention for the entire department. 20 
Relationship between hypotension and drug doses
To evaluate the relationship by anaesthetist between the magnitude of the AUC 65 (i.e. the extent of hypotension) and the induction dose of propofol, we performed linear rank regression and least-squares linear regression. We performed the analyses using the average propofol dose as both milligrams per kilogram and milligrams. Likewise, relationships between average AUC 65 and average phenylephrine or ephedrine dose in micrograms were determined. Kendall's s B was calculated for the three pairwise combinations, with asymptotic P-values. The R package Kendall 33 (R Foundation for statistical computing, Vienna, Austria) was used; a P-value of <0.01 was considered statistically significant.
Estimation of evaluable anaesthetists each year
We wished to provide an estimate of the percentage of the department's supervising anaesthetists who would be eligible for peer comparison. Thus, we calculated the percentage of anaesthetists who would have been evaluable each year between 2006 and 2015 based on the case inclusion criteria. This estimate was conservative in that we did not include individuals who were primarily involved in acute pain, critical care, the preoperative clinic, or administrative activities, and so infrequently supervised cases. This process also excluded anaesthetists who were hired or resigned in mid-year. If we had included all anaesthetists, regardless of caseload, we would have increased the denominators, thereby resulting in an even smaller percentage of evaluable anaesthetists.
Results

Eligible cases and evaluable anaesthetists
During the 10 yr between 2006 and 2015, an average of 38 089 (3755) cases were performed yearly, of which only 14.1% (95% CI 13.6-14.5%) met the 'at-risk' eligibility criteria for inclusion in the comparisons amongst anaesthetists. There was a yearly average of 49 (6) anaesthetists who performed at least 100 cases of any type, of which only 51.5% (95% CI 47.1-56.0%) also performed at least 100 eligible cases, thus making them evaluable for peer comparison. Figure 1 shows that these percentages were relatively stable throughout the decade.
Identifying outliers for hypotension amongst anaesthetists
During the most recent 12 months of the data set, there were 34 evaluable anaesthetists. Of these, two were identified with more hypotension than the average (Fig. 2) . From the observed P-values, these two anaesthetists would also be significantly different if the statistical criteria used were to achieve a 5.0% false discovery rate. However, if the performance for the AUC below 65 mm Hg of the two outliers were 'improved' from $70 mm Hg min to the level of their peers, 45 mm Hg min, the overall impact on the extent of hypotension produced amongst all anaesthetists would have been small, based on the cumulative distribution curve in Fig. 2 .
Among the 34 evaluable anaesthetists, the average percentage of anaesthetists amongst the six 2 month intervals contributing to 50% of hypotension was 31.9% (95% CI 28.2-35.5%). The percentage contributing to 80% of hypotension was 61.8% (95% CI 59.8-63.7%). These percentages indicate that hypotension during induction was widely distributed amongst the anaesthetists in the department, not only amongst a few anaesthetists.
Relationship between hypotension and drug doses
There was no relationship between the average AUC 65 of the supervising anaesthetist and the average dose of propofol when calculated in units of milligrams per kilogram (Kendall's s B ¼À0.058; P¼0.62; Fig. 3 ) or total milligrams (Kendall's s B ¼À0.064; P¼0.58; Fig. 4 ). There may have been a trend between the magnitude of the average AUC 65 and the average dose of phenylephrine administered (Kendall's s B ¼0.22; P¼0.052; Fig. 5 ), suggesting that those anaesthetists with greater hypotension might have been using slightly greater doses of phenylephrine compared with their peers. This implies that the hypotension was not attributable to less aggressive treatment. Finally, there was no apparent association between the magnitude of the average AUC 65 and the average dose of ephedrine administered (Kendall's s B ¼À0.084; P¼0.47; Fig. 6 ).
Discussion
Our data indicate that a quality improvement programme involving peer comparison among anaesthetists for timeweighted AUC for MAP <65 mm Hg during the interval from operating theatre entry to incision would be neither statistically reliable nor useful. Only half the supervising anaesthetists in the department were evaluable. Furthermore, only two outlier anaesthetists were identified, even when using a full year of data. Increasing the sample size of cases would not be a practical option because our study period (1 yr) is longer than permitted for peer evaluation in the USA. The consequence of a shorter evaluation interval, as would be required in practice, would be larger standard errors and even less likelihood of detecting outliers. This is evident in Fig. 2 , where the lower 99% confidence limit of the first outlier (left-most yellow bar) is barely above the mean. Drug doses did not provide insight into differences in clinical care amongst anaesthetists that might be leading to more hypotension (i.e. anaesthetists with more hypotension did not systematically use greater doses of propofol or lesser treatment of hypotension with phenylephrine or ephedrine). Consequently, recommendations to be included in potential e-mails are unclear (beyond the aphorism to 'avoid hypotension'). Variability among haemodynamic response to induction doses may have overwhelmed any true differences that might exist amongst the anaesthetists. We used hypotension as an end point. It would have been even less reliable to compare real patient outcomes (e.g. myocardial damage), as the incidences are so low that essentially no anaesthetist would have a sufficient volume of cases. For example, among eligible cases in the study by Salmasi and colleagues, 15 the overall incidence of myocardial damage was 3.1%.
In our study, the anaesthetist with the largest number of eligible cases during the most recent 1 yr period had 297 eligible cases. There would be 80% statistical power to detect (with a ¼ 0.01) whether that anaesthetist provided a relative risk of myocardial damage at least 2.4-fold greater than the overall incidence. For the anaesthetist with the median number of eligible cases (164), the anaesthetist would need to have a relative risk 3.0-fold greater of myocardial damage.
Before implementing any peer comparison process amongst anaesthetists involving electronic collection of physiological data, an analysis such as the one described in this study is recommended. If the metric for comparison occurs infrequently, variability amongst patients is large, and risks are present in only a subset of patients undergoing anaesthesia, it is likely that the metric will not be suitable for peer comparison amongst anaesthetists, as we found in our study. The lack of ability to compare hypotension among anaesthetists mirrors other attempts to make such comparisons using outcome data. For example, one cannot compare anaesthetists according to patient satisfaction scores because most patients do not remember the operating room. 34 After controlling for relevant covariates including patient waiting from surgical start times, there were no significant differences in adult patients' complaints about anaesthetists. 35 Prolonged times to extubation differ substantively amongst patients, but not amongst anaesthetists. 36 Patients' arrival pain scores in the postoperative area also do not differ significantly, when controlling for other factors, such as the nurse recording the pain score. 10 Mortality attributable to anaesthesia mishaps is so rare as not to be amenable to study by anaesthetist. 24 Postoperative mortality is multifactorial in origin and difficult to attribute to the anaesthetist. As an alternative approach to peer review, differences in the quality of supervision are reliably and validly detected amongst anaesthetists when evaluated by the anaesthesia providers they are supervising, but that process depends on regular evaluation. [37] [38] [39] Our study has several limitations. First, we deliberately biased our analysis to be able to detect a difference amongst anaesthetists with respect to hypotension. We excluded anaesthetists handling a relatively low caseload (<100 eligible cases per year), which decreased the denominator and thus increased the percentage of evaluable anaesthetists. We studied a tertiary care academic medical centre with a substantial percentage of patients with severe co-morbidities undergoing extensive procedures. At smaller, community hospitals handling cases of lesser physiological complexity, a smaller percentage of cases would be eligible for comparison, decreasing the percentage of anaesthetists with a sufficient number of cases to be compared. Finally, we used a full year of data to produce narrow CIs for comparison (i.e. using 2 month intervals). In the USA, the requirement for metrics used for peer comparison is that the evaluation process needs to be done at least twice a year. 21 The result of reducing the number of batches or decreasing their duration would be to increase the CIs, making it even less likely to be able to identify outliers. The result of these biases is that our findings of lack of utility of comparing hypotension among anaesthetists would be even stronger elsewhere. A second limitation is that the process we describe is an electronic measure, requiring automated recording of vital signs and events to a database. For anaesthesia departments documenting on paper, trying to compare amongst anaesthetists would be impracticable, as blood pressures are not recorded numerically, but graphically. This strengthens our conclusions.
A third limitation is that we studied only peer comparisons, not actual improvements in outcome from providing feedback. In the study by McCormick and colleagues, 10 aggressive near--real-time alerting for all patients having intraoperative hypotension in the presence of low BIS did not improve 90 day mortality. The relationship between hypotension and adverse outcomes is only an association, not proving causality, and there are no randomized clinical trials demonstrating improved outcomes with various treatment protocols for hypotension. 20 From these previous results, and our findings, it is unclear what specifically to recommend in an e-mail reporting process to reduce the amount of hypotension. Finally, as we were not able to identify behaviours of outlier anaesthetists with either greater or lesser hypotension than the average, the AIMS probably did not provide sufficient detail as to how the various drugs we evaluated were titrated or the speed with which hypotension was treated. Given that drug documentation occurs after the fact and incremental doses are often combined, exact timing cannot be certain. There is also uncertainty as to whether all doses of vasopressors were documented, as administered doses of phenylephrine and ephedrine have been shown frequently to be missing in the anaesthesia record. 40 
Conclusions
Time-weighted hypotension (AUC for MAP <65 mm Hg) from theatre entry to surgical incision was not suitable as a metric for peer comparison amongst anaesthetists. This was a consequence of small sample sizes of at-risk patients, the inability to include half the anaesthetists in the department because of their case-mix and caseload, and wide variability in the amount of such hypotension within anaesthetists. Naïvely reporting the AUC 65 without statistical inference would have a substantial risk of incorrectly identifying a few anaesthetists as outliers when their differences may simply reflect normal statistical variation.
